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SUMMARY 
Meta l lu rg ica l ly  bonded plasma-sprayed tungs ten  was appl ied  t o  metallo- 
g raph ica l ly  pol ished and preheated molybdenum s u b s t r a t e s .  The s u b s t r a t e s  were 
preheated t o  1750° F or higher immediately before  spraying. 
t h e  spraying opera t ions  were performed i n  a n i t rogen  atmosphere. 
The preheat ing and 
Meta l lurg ica l  bonding occurred when t h e  preheated s u b s t r a t e  temperature 
was between 2200° and 3700° F. 
completely r e c r y s t a l l i z e d  even though t h e  t o t a l  t ime f o r  preheating, spraying, 
and cool ing t o  400° F was only about 30 seconds. 
A t  t h e s e  temperatures  t h e  molybdenum s u b s t r a t e s  
Cross sec t ions  of coa t ing  and s u b s t r a t e  i n d i c a t e  t h a t  Che coat ing-to-  
s u b s t r a t e  bond w a s  t h e  r e s u l t  of s u b s t r a t e  g ra ins  growing i n t o  t h e  coat ing.  
INTRODUCTION 
The r e l a t i o n  between t h e  performance of a coa t ing-subs t ra te  system and t h e  
q u a l i t y  of t h e  bond between them i s  wel l  known and has been s tudied  ex tens ive ly  
f o r  many coat ing techniques.  L i t t l e  a t t e n t i o n ,  however, has been given t o  t h e  
cha rac t e r i za t ion  of t h e  bonding mechanisms that e x i s t  during plasma spraying 
and t o  t h e  improvement of t h e  q u a l i t y  of t h e  bonding of coa t ings  appl ied  by 
t h i s  technique. I n  a previous inves t iga t ion  t h e  au thors  reported t h e  es tab-  
lishment of a t r u e  me ta l lu rg ica l  bond and complete con t inu i ty  of g r a i n  s t r u c -  
t u r e  between plasma-sprayed tungs ten  and hot tungs ten  s u b s t r a t e s  (ref. 1). 
Since t h i s  t ype  of bond occurred i n  a system where t h e  l a t t i c e  parameters of 
t h e  sprayed p a r t i c l e s  and t h e  s u b s t r a t e  were equal, t h e  system may be con- 
s ide red  t o  be an i d e a l  case.  An e f f o r t  was t h e r e f o r e  made to determine t h e  
a p p l i c a b i l i t y  of t h e  o r i g i n a l  technique to d i s s i m i l a r  metal  systems. 
T h i s  r epor t  g ives  t he  r e s u l t s  of spraying tungs ten  onto hot molybdenum 
subs t r a t e s .  These ma te r i a l s  were se l ec t ed  because t h e y  are of i n t e r e s t  to t h e  
aerospace program and because they  form a complete s e r i e s  of so l id - so lu t ion  
a l l o y s .  The main e f f o r t  was d i r e c t e d  toward determining whether t h i s  system 
would also exh ib i t  me ta l lu rg ica l  bonding by cont inua t ion  of t h e  s u b s t r a t e  
*Published i n  the  Welding Journal ,  vol. 43, no. 9, September 1964, and 
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Figure 1. 
Time, sec 
Typical time-temperature history of substrate during spray treatment. 
g r a i n s  and by concurrent e l imina t ion  of t h e  coat ing-subs t ra te  i n t e r f a c e  as 
occurred i n  t h e  tungsten-tungsten system. 
APPARATUS AID PROCEDURE 
Small coupons of as-received 0.020-inch-molybdenum sheet w e r e  metallo- 
g raph ica l ly  pol ished and subsequently plasma sprayed with tungs ten  powder i n  a 
h igh-pur i ty  dry-ni t rogen atmosphere by techniques developed i n  an ear l ier  in -  
v e s t i g a t i o n  (ref.  1). Subs t ra te  temperatures i n  t h e  range 1750' t o  2950' F 
were continuously monitored by 
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Figure 2. -Variation of substrate temperature 
with torch-to-substrate distance. 
- - 
platinum - p l a t  inum-13-percent-rhodium thermo- 
couples and read out on a mil l isecond response 
recorder .  A t y p i c a l  spray cyc le  i s  shown i n  
f i g u r e  1. 
RESULTS AND DISCUSSION 
The s u b s t r a t e  temperatures t h a t  were ob- 
t a i n e d  as a r e s u l t  of preheat ing t h e  speci-  
mens with t h e  plasma gas var ied  with to rch -  
t o - subs t r a t e  d i s t ance  as shown i n  f i g u r e  2. 
T h i s  f i g u r e  a l s o  shows t h e  temperature of t h e  
s u b s t r a t e  during t h e  a c t u a l  spraying operat  ion. 
The v e l o c i t y  of t h e  powder p a r t i c l e s  was 
nea r ly  constant over t h e  range of d i s t ances  
examined i n  t h i s  i nves t iga t ion  ( r e f .  2 ) .  
For t h e  to rch - to - subs t r a t e  d i s tances  in-  
ves t iga t ed  ( 2  t o  7 i n . ) ,  t h e  tungsten p a r t i -  
c l e s  exhib i ted  a considerable  amount of p l a s -  
t i c i t y .  This c h a r a c t e r i s t i c  w a s  demonstrated 
by t h e i r  a b i l i t y  t o  deform i n t o  shapes s i m i l a r  
t o  f la t ,  a lmost-circular  d i sks  t h a t  had s u f -  
f i c i e n t  p l a s t i c i t y  t o  flow over the previously 
deposi ted p a r t i c l e s .  A t y p i c a l  sprayed par -  
t i c l e  conf igura t ion  on t h e  s u b s t r a t e  f o r  a 
2 
Figure 3. - Top view of particles. Torch-to-substrate distance, 4 inches; 
substrate temperature, -2450' F; etchant, Murakami 's reagent. X125. 
(a) Torch-to-substrate distance, 3 inches; substrate temperature, -2950' F 
X250. 
(bl Torch-to-substrate distance, 4 inches; substrate temperature, 
-2450' F. X250. 
Figure 4. - Cross-sectional views of coating-substrate interfaces. Etch- 
ant, Murakami 's reagent. 
4-inch to rch - to  - subs t r a t e  d i s t ance  
i s  shown i n  f i g u r e  3. Similar  con- 
f i g u r a t i o n s  were observed at t h e  
o the r  spray d i s t ances .  
The p a r t i c l e - s u b s t r a t e  bonds 
r e s u l t i n g  from spraying at torch-to- 
s u b s t r a t e  d i s t ances  of 3 and 4 inches 
a r e  shown i n  f i g u r e  4 by c ross  sec- 
t i o n s  through t h e  coat ing and t h e  
s u b s t r a t e .  Figure 4 ( c )  i s  an e l ec -  
t r o n  micrograph at a magnif icat ion 
of 5000 f o r  t h e  4-inch spray d i s -  
t ance .  The molybdenum s u b s t r a t e s  
r e c r y s t a l l i z e d  as a r e s u l t  of pre- 
heat ing and spraying a t  d i s t ances  up 
t o  5 inches even though t h e  t o t a l  
t ime f o r  preheating, spraying, and 
cool ing t o  400° F was only about 
30 seconds. A t  7 inches t h e  as- 
worked s t r u c t u r e  was re t a ined .  Spray- 
ing a t  d i s t ances  of 5 and 7 inches 
r e s u l t e d  i n  a poorer p a r t i c l e -  
s u b s t r a t e  bond. It t h e r e f o r e  appears 
t h a t  t h e  s u b s t r a t e  must be preheated 
t o  a temperature of 2200' F o r  higher 
before  good p a r t i c l e - s u b s t r a t e  bond- 
ing occurs.  
Grain-boundary con t inu i ty  across  
t h e  coa t ing - subs t r a t e  i n t e r f a c e  i s  
evident i n  f i g u r e  4 and i s  most ap- 
parent i n  f i g u r e  4 ( c ) .  Figure 5 
shows an area where a c o n t i n u i t y  of 
e t c h  markings e x i s t s  ac ross  t h e  
in t e r f ace ,  which g ives  evidence of an 
o r i e n t a t i o n  c o n t i n u i t y  between t h e  
coat ing and t h e  s u b s t r a t e .  From 
t h e s e  f i g u r e s  it i s  apparent t h a t  
t h e r e  i s  a m e t a l l u r g i c a l  bond at  t h e  
coat ing-subst rat e i n t e r f a c e .  
These observat ions on coat ing-  
subst rat e g r a i n  c o n t i n u i t y  a r e  
s i m i l a r  t o  t h o s e  made when tungsten 
was deposi ted on hot tungsten sub- 
strates with t h e  same spray con- 
d i t i o n s  ( r e f .  1). A r ep resen ta t ive  
p i c t u r e  of t h e  coa t ing - subs t r a t e  
c ros s  s e c t i o n  f o r  tungsten on tung- 
s t e n  is  shown i n  f i g u r e  6 .  It i s  
3 
(c) Torch-to-substrate distance, 4 inches; substrate temperature, -2450' F. X5000. 
Figure 4. - Concluded. Cross-sectional views of coating-substrate interfaces. Etch- 
ant, Murakami 's reagent. 
apparent not only t h a t  t h e r e  
i s  a c o n t i n u i t y  between t h e  
g r a i n s  i n  t h e  coat ing and 
t h o s e  i n  t h e  s u b s t r a t e  but 
a l s o  t ha t  t h e  o r i g i n a l  i n t e r -  
f a c e  between them has been 
eliminated. Since molybdenum 
i s  ve ry  similar t o  tungsten,  
it w a s  f e l t  t h a t  t h e  same t y p e  
of i n t e r f a c e  should p r e v a i l  i n  
t h i s  system. Fur the r  experi-  
ment s w e r e  t h e r e f o r e  under- 
t aken  t o  show tha t  t he  
coat i ng - subs t r a t e  i n t e r f a c e  
obtained Then tungs t en  was 
sprayed onto hot molybdenum 
r e s u l t e d  from t h e  chemical 
d i f f e r e n c e s  between t h e  two 
materials at  t h e  i n t e r f a c e .  
Two approaches were taken 
t o  v e r i f y  that  t he  i n t e r f a c e  
r e s u l t e d  from a chemical d i s -  
con t inu i ty .  These approaches 
involved t h e  use of a higher 
subst rat e temperature and 
d i f f u s i o n  t r ea tmen t s .  
In  order  t o  eval.uate t h e  
inf luence of a higher sub- 
strate temperature on t h e  
el iminat ion of t h e  apparent 
coating- s u b s t r a t e  i n t e r f a c e ,  
an a d d i t i o n a l  specimen w a s  
sprayed a t  a d i s t ance  of 2 inches. The s u b s t r a t e  temperature at  t h i s  d i s t ance  
was estimated t o  be approximately 3700' F. A c ros s  s e c t i o n  of t h i s  specimen 
appears i n  f i g u r e  7 and shows t h e  grain-boundary con t inu i ty  across  t h e  i n t e r -  
face.  Even i n  t h i s  smecimen, how- 
& 
ever, t h e r e  i s  a s l i g h t  l i n e  a t  t h e  
coating- substrate i n t e r f a c e ,  although 
over most of t h e  i n t e r f a c e  it appears 
t o  be t h e  r e s u l t  of a color change. 
Figure 8 shows a specimen t h a t  
was sprayed a t  3 inches and subse- 
quent ly  vacuum heat  t r e a t e d  a t  2700° F 
f o r  3 hours and at  37OOo F f o r  1 hour. 
Mter t h e  2700' F treatment  t h e r e  w a s  
no s i g n i f i c a n t  observable change i n  
t h e  i n t e r f a c e  d i scon t inu i ty .  Af t e r  
Figure 5. - Effect of etching o n  interface structure.  Torch-to-substrate 
distance, 3 inches; substrate temperature, -2950' F; etchant, boi l ing 
Murakami 's reagent. X500. t h e  subsequent 37OOo F treatment,  
4 
Figure 6. - Cross-sectional view of tungsten coating on tungsten substrate. Torch-to-substrate distance, 
4 inches; substrate temperature, -2750' F; etchant, Murakami 's reagent. X5000. 
Figure 7. - Cross-sectional view of interface of specimen sprayed at F igu re  8. - Effect of d i f fusion treatment on interface 
s t ruc tu re .  Torch-to-substrate distance, 3 inches; 
substrate temperature, -2950° F; specimen heat 
treated at 2700' F for  3 h o u r s  and at 3700' F for  1 
h o u r ;  etchant, Murakami 's reagent. X250. 
torch-to-substrate distance of 2 inches. Substrate temperature, 
-3700' F; etchant, Murakami 's reagent. X250. 
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however, t h e  apparent coating- s u b s t r a t e  i n t e r f a c e  had been l a r g e l y  removed 
( f i g .  8). 
Figure 9 i s  a hardness t r a v e r s e  ac ross  t h e  coa t ing - subs t r a t e  i n t e r f ace ;  
it f u r t h e r  s u b s t a n t i a t e s  t ha t  t h e  heat t reatment  caused d i r f u s i o n  t o  occur, as 
evidenced by t h e  el iminat ion of t h e  
o r i g i n a l  hardness d i s c o n t i n u i t y  a t  t h e  
i n t e r f a c e .  It has been shown tha t  t h e  
hardness of molybdenum i s  increased 
considerably by t h e  a d d i t i o n  of tung- 
st en, whereas molybdenum add i t  ions t o  
t a r g s t e n  cause a decrease i n  t h e  hard- 
ness of t ungs t en  ( r e f s .  3 and 4 ) .  The 
continuous-hardness change ac ross  t h e  
r e fe rence  i n t e r f a c e  a f te r  t h e  d i f f u s i o n  
2700" F for 3 h r  7 t reatment  i s  t h e r e f o r e  v e r i f i c a t i o n  
t h a t  a s i g n i f i c a n t  amount of molybdenum 
d i f f u s e d  i n t o  t h e  o r i g i n a l  tungsten 
-200 -100 0 100 200 p a r t i c l e .  Also, s i n c e  t h e  o r i g i n a l  
Distance from interface, p i n t e r f a c e  w a s  e l iminated a f t e r  t h i s  
Figure 9. - Hardness as function of distance from original 
interface. Torch-to-substrate distance, 3 inches. have r e s u l t e d  from a sharp chemical 
heat treatment ( see fig * ) 7 it 
g rad ien t .  
These r e s u l t s  show t h a t  a m e t a l l u r g i c a l  bond s i m i l a r  t o  t h a t  obtained when 
tungs t en  i s  sprayed onto hot t ungs t en  i s  obtained during t h e  spraying of tung- 
s t e n  onto hot molybdenum s u b s t r a t e s .  This bond i s  produced by t h e  gra,ins of 
t h e  coat ing growing out of t h o s e  i n  t h e  subs t r a t e ,  and t h e  apparent i n t e r f a c e  
t h a t  r e s u l t s  is due t o  t h e  sharp chemical gradient  t h a t  e x i s t s  between t h e  
tungs t en  and t h e  molybdenum. 
S U M Y  OF RESULTS 
The following r e s u l t s  were obtained from an invest  i g a t  ion of t h e  metal- 
l u r g i c a l  bonding of plasma-sprayed tungs t en  on hot molybdenum s u b s t r a t e s :  
1. Meta l lu rg ica l ly  bonded tungs t en  coat ings were app l i ed  t o  metallo- 
g r a p h i c a l l y  pol ished molybdenum s u b s t r a t e s  by plasma spraying with t h e  sub- 
strate preheated t o  2200° F o r  higher immediately be fo re  spraying i n  a ni t rogen 
atmosphere. 
2. The type of c o l w i a r  g r a i n s  t h a t  appeared i n  c ros s  s e c t i o n s  ind ica t ed  
tha t  t h e  coa t ing - to - subs t r a t e  bond w a s  t h e  r e s u l t  of s u b s t r a t e  g r a i n s  growing 
i n t o  t h e  coat ing and t h u s  producing a coherent i n t e r f a c e .  This apparent i n t e r -  
f a c e  was due t o  a chemical g rad ien t  only, which w a s  e l iminated by heat t r ea t -  
ment. 
3. The s u b s t r a t e s  t h a t  were preheated over t h e  temperature range 2200' 
6 
t o  3700' F were completely r e c r y s t a l l i z e d  even though t h e  t o t a l  t i m e  f o r  pre-  
heating, spraying, and cooling t o  400° F w a s  only about 30 seconds. 
Lewis Research Center 
National Aeronautics and Space Administrat ion 
Cleveland, Ohio, A p r i l  7, 1964 
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